Phosphatidylcholine (PC) is a ubiquitous membrane lipid in eukaryotes but has been found in only a limited number of prokaryotes. Both eukaryotes and prokaryotes synthesize PC by methylating phosphatidylethanolamine (PE) by use of a phospholipid methyltransferase (Pmt). Eukaryotes can synthesize PC by the activation of choline to form choline phosphate and then CDP-choline. The CDP-choline then condenses with diacylglycerol (DAG) to form PC. In contrast, prokaryotes condense choline directly with CDP-DAG by use of the enzyme PC synthase (Pcs). PmtA was the first enzyme identified in prokaryotes that catalyzes the synthesis of PC, and Pcs in Sinorhizobium meliloti was characterized. The completed release of the Pseudomonas aeruginosa PAO1 genomic sequence contains on open reading frame predicted to encode a protein that is highly homologous (35% identity, 54% similarity) to PmtA from Rhodobacter sphaeroides. Moreover, the P. aeruginosa PAO1 genome encodes a protein with significant homology (39% amino acid identity) to Pcs of S. meliloti. Both the pcs and pmtA homologues were cloned from PAO1, and homologous sequences were found in almost all of the P. aeruginosa strains examined. Although the pathway for synthesizing PC by use of Pcs is functional in P. aeruginosa, it does not appear that this organism uses the PmtA pathway for PC synthesis. We demonstrate that the PC synthesized by P. aeruginosa PAO1 localized to both the inner and outer membranes, where it is readily accessible to its periplasmic, PC-specific phospholipase D.
Phosphatidylcholine (PC) is the major membrane-forming phospholipid in most eukaryotes; however, it is found in only a small but increasing number of prokaryotes where phosphatidylethanolamine (PE) serves as the major membrane-forming phospholipid. As shown in Fig. 1 , both eukaryotes and prokaryotes synthesize PC by use of the methylation pathway in which PE is sequentially methylated three times by use of the methyl donor S-adenosylmethionine (SAM) and the enzyme phospholipid N-methyltransferase (Pmt). In addition to this methylation pathway in eukaryotes, there is a pathway by which choline is converted to choline-phosphate and then to CDP-choline, which subsequently condenses with diacylglycerol (DAG) to form PC (Kennedy pathway) (17) . In prokaryotes, the presence of a methyltransferase was detected in Agrobacterium tumefaciens (16) , and thereafter Arondel et al. isolated a 22.9-kDa soluble protein (PmtA) from Rhodobacter sphaeroides, which when expressed in Escherichia coli (an organism deficient of PC and methylated derivatives of PE), resulted in the accumulation of PC (2) . Consequently, only the methylation pathway was thought to exist in prokaryotes (28) until de Rudder et al. demonstrated a novel pathway (Fig. 1 ) in the soil bacterium Sinorhizobium meliloti that generates PC by use of the enzyme PC synthase (Pcs) to condense choline directly with CDP-DAG (7, 8) .
The impact of lipid composition on bacterial growth is not sufficiently understood, although it is thought to contribute to the interaction between the bacteria collectively called rhizobia (e.g., Rhizobium, Sinorhizobium, and Bradyrhizobium spp.) and the roots or stems of leguminous host plants, leading to a symbiotic development. Individual lipid composition often defines the stability and integrity of membrane lipids (25) , and environmental conditions such as oxygen tension can affect lipid composition. For example, Tang and Hollingsworth reported that lowering the oxygen tension in free-living Bradyrhizobium japonicum results in an increase in synthesis of PE and phosphatidylglycerol and a decrease in PC synthesis (34) . Minder et al. (20) further showed that unlike the decreased growth observed in a sinorhizobial strain deficient in PC (6) , the growth of B. japonicum mutants with decreased PC synthesis was largely unaffected. However, maintaining a wild-type amount of PC in the membrane is required for an efficient symbiotic interaction of B. japonicum with its soybean host plant. Furthermore, it is expected that sinorhizobial PC will be required for the formation of B. japonicum's successful symbiosis with its plant host (6) . It has been suggested that only highly specialized groups of bacteria, mainly photosynthetic bacteria containing extensive internal membrane structures or those living in association with eukaryotes, such as B. japonicum and S. meliloti, contain PC as a membrane lipid (11) . However, to date, PC-containing bacteria have been found in distantly related groups, like gram-positive bacteria (e.g., Cellulomonas and Hongia spp.), bacteroides-flavobacterium group bacteria (e.g., Cyclobacterium and Flexibacter spp.), and spirochetes (e.g., Borrelia and Treponema spp.), indicating that PC is found in more bacteria than was originally thought (18) .
Pseudomonas aeruginosa, a gram-negative opportunistic pathogen, is especially problematic for those predisposed to respiratory infections such as those with cystic fibrosis (CF). In addition, P. aeruginosa can be isolated from moist soils and, while it is pathogenic to some plants (26, 27) , in some cases it provides plants with protection (5). There is an open reading frame (ORF) (PA0798) in the completed release of the P. aeruginosa PAO1 genomic sequence (www.pseudomonas.com) (33) predicted to encode a protein that is highly homologous to PmtA from R. sphaeroides and an ORF (PA3857) predicted to encode a protein with significant homology to Pcs of S. meliloti. In this report, we cloned the pmtA and pcs genes from P. aeruginosa PAO1 and characterized mutants that are PC deficient.
MATERIALS AND METHODS
Bacterial strains and media. The strains and plasmids used in this study are described in Table 1 . P. aeruginosa PAO1 is the prototypic strain and has been previously described (14) . Brain heart infusion (BHI) and Luria-Bertani (LB) media (32) 4 , 0.95 mM CsCl) was added to a final concentration of 0.1% (vol/vol). In some experiments, HEPES minimal medium was supplemented with 0.2% choline. Finally, yeast extract-tryptone (2ϫYT; per liter: 10 g of yeast extract, 16 g of tryptone, 5 g of NaCl [pH 7]) was used when strains were cultured for PC. When appropriate, medium was supplemented with the following antibiotics at the indicated concentrations: for E. coli, ampicillin at 100 g/ml, gentamicin at 15 g/ml, kanamycin at 100 g/ml, streptomycin at 100 g/ml, and tetracycline at 15 g/ml; for P. aeruginosa, carbenicillin at 750 g/ml, gentamicin at 75 g/ml, streptomycin at 750 g/ml, and tetracycline at 150 g/ml.
DNA manipulations and analysis. Plasmid and chromosomal DNAs were isolated by standard procedures (29) . The pmtA and pcs genes from P. aeruginosa PAO1 were cloned as 2.1-kb BclI and 5.1-kb KpnI fragments, respectively, into pBluescript SK(ϩ) (Stratagene). Taq polymerase and an 18-or 23-mer primer (Gibco BRL) ( Table 1) were used for PCR with a GeneMate thermal cycler. DNA sequence analysis was performed using the dideoxy chain-termination method (30) with Sequenase (United States Biochemicals).
Analysis of P. aeruginosa strains for pmtA and pcs sequences. PCR was performed using the primers shown in Table 1 and standard methods (29) . Amplification of pmtA and pcs homologues with these internal primers results in products of 592 and 380 bp, respectively. The products were analyzed on agarose gels. To verify the quality of the DNA from each strain, a conserved methionyl tRNA synthase gene was amplified, resulting in a 1,039-bp fragment.
In vivo labeling and analysis of lipids of P. aeruginosa. Strains were cultured in media containing [1- 14 C]acetate (2 Ci/ml of culture, 37.0 MBq/mCi; New England Nuclear) at 32°C for 12 to 15 h with shaking. Lipids were extracted by use of the Bligh and Dyer method (3) . Briefly, cells were collected, washed with H 2 O, and extracted with methanol-chloroform-water (2:2:1, vol/vol/vol). The bottom organic phase was dried, dissolved in chloroform, and spotted onto Silica Gel 60A plates (Whatman). For one-dimensional thin-layer chromatography (1D-TLC), the lipids were separated with chloroform-methanol-acetic acid (13: 3:1, vol/vol/vol). For two-dimensional TLC (2D-TLC), the lipids were separated in the first phase with chloroform-methanol-water (14:6:1, vol/vol/vol), followed by separation in the second phase with chloroform-methanol-acetic acid (13:5:1, vol/vol/vol). The radiolabeled lipids were visualized using a Bio-Rad personal FX phosphorimager. Image analysis was done using Quantity One software (version 4.0.3) from Bio-Rad.
Mass spectrometry. Total lipids were labeled and extracted as described above. Lipids were suspended in 1 ml of methanol. Samples (2 l) were injected onto a Prodigy 5 octadecyl silane (3) 100-Å -resolution column (1.00 by 250 mm; Phenomenex, Torrance, Calif.). The high-pressure liquid chromatograph was operated at a flow rate of 50 l/min, with solvent A consisting of methanolacetonitrile-water (60:20:20, vol/vol/vol) containing 1 mM ammonium acetate and solvent B consisting of 1 mM methanolic ammonium acetate. Samples eluted from the column along a gradient from 50 to 99% solvent B in 25 min, after which the flow was held isocratically at 99% solvent B until 35 min. All effluent was directed to the mass spectrometer. The Finnigan (San Jose, Calif.) model LCQ ion trap mass spectrometer was used for all analyses. Spectra were acquired by three sequential scan modes. The first mode analyzed positive ions ranging from m/z 500 to 1,000. Next, the most-intense ions from the initial mode were analyzed at high resolution to accurately determine the mass-to-charge ratio of the molecular ion species (Ϯ0.01 atomic mass unit). Finally, collision-induced decomposition analysis (CID) was performed on the [M ϩ H] ϩ ions identified by the previous scan. CID was performed at an activation amplitude of 1.5 V (peak-to-peak resonance excitation RF voltage) for 30 ms to facilitate product ion analysis. The electrospray ionization source capillary was set at 200°C. MS n experiments were carried out with an isolation width of Ϯ1.5 Da. The q value was set at 0.21 in order to ascertain the presence or absence of the diagnosticfragment ion occurring at m/z 184, which indicates the presence of glycerophosphocholine (GPCho).
The lipids from a 1-ml culture of PAO1 grown in 2ϫYT were dissolved in methanol, and 200 l was removed and dried under vacuum centrifugation. Dried lipids were suspended in 100 l of hexane-isopropanol-water (3:4:0.7, vol/vol/vol). From this reconstituted sample, 50 l was injected onto an Ultremex 5 Silica (4.6-by 250-mm) column (Phenomenex). The high-pressure liquid chromatograph was operated at a flow rate of 1,000 l/min, with solvent A consisting of hexane-isopropanol (3:4, vol/vol). Solvent B consisted of hexane-isopropanolwater (3:4:0.7, vol/vol/vol) containing 1 mM ammonium acetate. The sample was injected onto the column, which was equilibrated at 47% solvent B, and this composition was held for 6 min. We obtained a linear gradient from 47% solvent B to 100% solvent B over the next 20 min. The column was then held at 100% solvent B for 20 min. The effluent from the column was split, with 150 l entering the mass spectrometer and the remaining sample collected in 1-min fractions.
A PE Sciex (Toronto, Canada) API 3000 mass spectrometer was utilized for the following analysis. Spectra were acquired in precursor ion mode by scanning the positive m/z range from 600 to 850 for precursors of the diagnostic-fragment ion occurring at m/z 184.2, which indicates the presence of GPCho. Instrument parameters were optimized for CID in the mass spectrometry-mass spectrometry mode. The fractions at 31, 32, 33, and 34 min contained GPCho as indicated by the presence of an ion at m/z 184.2 in the third quadrupole. Fraction 32 was analyzed in negative-ion mode to verify the demethylation of the GPCho-containing lipids, visualized as the [M-15] Ϫ anions. Collisional activation of the [M-15] Ϫ anions was undertaken in product ion mode to determine the fatty acid products present in each GPCho molecular species. Flow injection analysis of 10 l from fraction 32 was performed for each [M-15] Ϫ anion. Disruption of the pmtA and pcs genes. The P. aeruginosa PAO1 ⌬pmtA, ⌬pcs, and ⌬pmtA ⌬pcs strains were constructed as follows. P. aeruginosa PAO1 ⌬pmtA was generated by replacing a 351-bp NcoI-NarI fragment from the pmtA coding sequence with a gentamicin resistance (Gm r ) cassette or a tetracycline resistance cassette. The P. aeruginosa PAO1 ⌬pcs strain was generated by replacing a 360-bp HincII fragment from the pcs coding sequence with a Gm r cassette. The antibiotic cassettes flanked by pmtA or pcs sequences were then cloned into pEX100T. A triparental mating using E. coli HB101/pRK2013 as the helper strain (10, 31) , E. coli SM10/pEX⌬pmtA or pEX⌬pcs, and P. aeruginosa PAO1 was performed, and transconjugants were isolated. P. aeruginosa PAO1 ⌬pmtA ⌬pcs was generated by replacing a 360-bp HincII fragment from the pcs coding sequence with a Gm r cassette in a P. aeruginosa ⌬pmtA strain. A triparental mating was performed as described above using P. aeruginosa ⌬pmtA as the target strain. All mutations were confirmed by PCR analysis and Southern blot hybridization.
Recovery of strains after storage in glycerol at ؊70°C. Bacterial strains (PAO1 and PAO1 ⌬pmtA, ⌬pcs, ⌬pmtA ⌬pcs, and ⌬prpL mutants) were cultured in BHI for 18 h at 32°C with shaking. Viable counts of the culture were determined by plating serial dilutions on solid media without antibiotics. Glycerol stocks were made by mixing 0.85 ml of the culture with 0.15 ml of 100% glycerol and were stored at Ϫ70°C. To determine viability after freezing, the glycerol stocks were completely thawed and serial dilutions were plated as described above.
RESULTS
Identification of homologues to pmtA and pcs in P. aeruginosa spp. Previously, we identified a PC-hydrolyzing phospholipase D (PldA) of P. aeruginosa PAO1 and localized it to the periplasmic space (40) . In this location it would not likely have access to eukaryotic PC. However, if P. aeruginosa is able, like a limited number of prokaryotes, to synthesize PC, then the periplasmic PLD would have access to an appropriate substrate. To begin to address this issue, we examined the completed release of the PAO1 genomic sequence for a homologue of PmtA, the enzyme responsible for methylating PE three successive times to generate PC in R. sphaeroides. The P. aeruginosa PAO1 genome contains an ORF (PA0798) predicted to encode an ϳ23.5-kDa protein that is highly homologous (35% identity, 54% similarity) to PmtA from R. sphaeroides ( Fig. 2A) . This predicted protein also contains the conserved region corresponding to the consensus motif for S-adenosylmethionine (SAM)-utilizing methyltransferases (12) thought to be involved in binding SAM (15) . However, the N terminus of PmtA in P. aeruginosa is considerably more hydrophobic than the corresponding region of R. sphaeroides PmtA (Fig. 2C) . PC in prokaryotes can also be generated by the condensation of CDP-DAG and choline by the enzyme Pcs. The P. aeruginosa PAO1 genome encodes a protein (encoded by PA3857) with significant homology (39% amino acid identity) to Pcs of S. meliloti (Fig. 2B) . This ϳ38.3-kDa predicted protein encoded by pcs in P. aeruginosa contains the motif described as being characteristic for CDP-alcohol phosphatidyltransferase (DGX 2 ARX 7 GX 3 DX 4 D) (40) , suggesting that it may indeed play a role in PC synthesis.
To investigate the prevalence of the pmtA and pcs homologues among various clinical and environmental strains of P. aeruginosa, we analyzed these strains using PCR with primers specific for internal regions of these homologues (Table 1) . Of the 13 strains analyzed, 12 carry sequences homologous to pmtA while all of the strains examined carry sequences homologous to pcs (data not shown). Furthermore, a region from a conserved tRNA gene was amplified in all of the strains examined, verifying the quality of the chromosomal template used for PCR (data not shown).
P. aeruginosa PAO1 synthesizes PC. The identification of pmtA and pcs homologues in the PAO1 genome suggests that this organism is capable of synthesizing PC by using PmtA in the methylation pathway and by using Pcs to condense choline and CDP-DAG. Previous studies have indicated that P. aeruginosa does indeed contain PC (1, 39) ; however, the mechanisms and genes involved in PC synthesis have not been elucidated. To verify that PC is present in PAO1, cells were cultured in 2ϫYT in the presence of [1- 14 C]acetate and total lipids were analyzed using 2D-TLC. As shown in Fig. 3A and B, P. aeruginosa PAO1 synthesizes a lipid that comigrates with L-␣-dipalmitoyl-[dipalmitoyl-1- 14 C]PC (New England Nuclear). To confirm that this comigrant is indeed PC, it was extracted from the silica of the TLC plate and subjected to digestion with the purified PC-specific hydrolyzing phospholipase C (PC-PLC) (Fig. 3C) . Furthermore, we examined the lipids from seven other P. aeruginosa strains for PC. While all of these strains produce PC, one of them does not carry a pmtA homologue (see above). However, all contain a pcs homologue (data not shown). Table 2 ). CID of one major GPCho molecular species having a [M ϩ H] ϩ ion at m/z 760.6 yielded the major product ion at m/z 184.2, which was consistent with a GPCho polar head group (Fig. 4) . The ions at m/z 478.4 and 522.6 suggested the elimination of neutral octadecenoic acid and the neutral hexadecanoic acid ketene from the precursor molecular ion species, respectively, as was expected for the 34:1 phospholipid molecular species 1-octadecenoyl-2-hexadecanoyl-sn-GPCho.
Localization of PC. To localize the PC present in P. aeruginosa PAO1, cells were cultured in 2ϫYT in the presence of [1- 14 C]acetate. The inner and outer membranes of the cells were radiolabeled and fractionated according to published methods (21) and analyzed by TLC. PC was detected in both the inner and outer membranes of PAO1 (data not shown). c Molecular species with glycerol esterification position assigned by relative abundance of carboxylate anion, with the most abundant derived from the sn-2 position.
d The position of the double bond in any unsaturated carboxylate anion was not determined.
e Minor species with insufficient material to unambiguously assign sn-1/sn-2.
Expression of pmtA and pcs in E. coli. The pmtA and pcs genes (including their predicted regulatory sequences) were cloned from P. aeruginosa PAO1 into pVLT35, a plasmid that replicates in both P. aeruginosa and E. coli. Using the isopropyl-␤-D-thiogalactopyranoside (IPTG)-inducible Ptac promoter of pVLT35, we expressed both the pmtA and pcs genes in E. coli BL21 (DE3), a PC-deficient organism. When the lipids from E. coli BL21 (DE3) containing pVLT35 alone or pVLT35-pmtA grown in 2ϫYT with or without IPTG were examined, PC was not detected (Fig. 5A and B and data not shown). In contrast, PC was detected when E. coli BL21 (DE3) was transformed with pVLT35-pcs (Fig. 5C ). These results indicate that under these conditions, the production of PC in E. coli BL21 (DE3) is dependent upon expression of pcs but not pmtA and that the uninduced (without IPTG) expression of pcs resulted in sufficient Pcs to detect PC in lipid fractions.
Disruption of the pmtA and pcs genes in P. aeruginosa PAO1 and complementation. Although no PC was detected in E. coli transformed with pVLT35-pmtA, it may be that PmtA is simply not active in E. coli or that PmtA has a function other than methylation of PE. One indication that PmtA may be inactive results from comparing the hydropathy plots of R. sphaeroides PmtA and the P. aeruginosa PmtA homologue (Fig. 2C) . Although the plots are similar, the N terminus of P. aeruginosa PmtA is considerably more hydrophobic than the corresponding region in R. sphaeroides PmtA. To address whether PmtA and Pcs are required for PC synthesis in P. aeruginosa PAO1, we generated pmtA and pcs mutant strains of PAO1 by removing internal portions of pmtA and pcs and replacing each with an antibiotic cassette. The lipids from these mutant strains were then grown in 2ϫYT and examined for PC. While PC is detected when there is a mutation in pmtA (Fig. 6B) , a mutation in the pcs gene alone completely abolished the ability of P. aeruginosa PAO1 to synthesize PC (Fig. 6C) . A mutant containing deletions in both the pcs and pmtA genes also produced no detectable PC (Fig. 6D) . Furthermore, when the lipids from a ⌬pmtA ⌬pcs strain were analyzed using mass spectroscopy, PC was not detected (data not shown). These strains were complemented with plasmids containing the appropriate genes and then analyzed for PC production. When PAO1 ⌬pcs was complemented with pVLT35-pcs, PC production was restored. Similarly, PC production in PAO1 ⌬pmtA ⌬pcs was restored when it was transformed with pVLT31-pcs but not when it was transformed with pVLT31-pmtA (data not shown). Taken together, these data indicate that the pcs gene of P. aeruginosa PAO1 is solely responsible for the ability of this organism to synthesize PC and that PmtA is not necessary for PC synthesis under the conditions used in this study
Pcs condenses choline and CDP-DAG to generate PC. Further evidence for the involvement of Pcs as the primary enzyme responsible for PC production stems from the fact that PC is produced in P. aeruginosa PAO1 when it is cultured in rich media (e.g., LB medium and 2ϫYT) or in minimal medium containing 0.2% choline (data not shown). However, PC is not detected when P. aeruginosa PAO1 is cultured in minimal medium without choline (data not shown), indicating that the methylation pathway is not functional even when Pcs is unable to condense choline with CDP-DAG. Viability of P. aeruginosa PAO1 ⌬pmtA and ⌬pcs mutants. During routine handling of the strains, it was observed that the mutant strains were more difficult to recover from stocks stored in 15% glycerol at Ϫ70°C. Strains were cultured for 18 h and plated onto solid media without antibiotics. After 18 h of growth in BHI, P. aeruginosa PAO1 and its ⌬pmtA, ⌬pcs, and ⌬pmtA ⌬pcs mutants all had similar counts of approximately 10 8 viable CFU/ml. Following storage in 15% glycerol at Ϫ70°C, the recovery of PAO1 was 81% Ϯ 6%. When the pmtA gene was deleted, recovery decreased to 63% Ϯ 3%. The PC-deficient ⌬pcs and ⌬pmtA ⌬pcs mutants experienced an even greater reduction in recovery (38% Ϯ 2% and 16% Ϯ 6%, respectively). A disruption in an unrelated gene (prpL, PA4175) containing a Gm r cassette resulted in a recovery similar to that of PAO1. These data suggest that the presence of PC in the lipid bilayer of P. aeruginosa contributes to cell viability under these stress conditions.
DISCUSSION
The impact of lipid composition on bacterial growth is not sufficiently understood. Investigating lipid composition can have opposing focal points. On one hand, the process and regulation of synthesizing PC and other phospholipids can be delineated. On the other hand, one can focus on the phospholipid membrane as a target for phospholipid-hydrolyzing enzymes such as PLC and PLD that generate phospholipid-derived molecules involved in eukaryotic signaling. The impressive and quickly growing body of literature elucidating the involvement of phospholipids and phospholipid-derived molecules (e.g., DAG and phosphatidic acid) in cell signaling processes has generally focused on the effects of these signals relative to those in eukaryotic cells. In addition, the interest in phospholipid mediators has generally been limited to those produced by extracellular molecules, such as PLCs. Perhaps one reason for this focus on eukaryotic cells is that PC, one of the major targets for these phospholipid-hydrolyzing enzymes, is abundant in eukaryotic membranes.
Interestingly, P. aeruginosa is the only PC-containing bacterium identified thus far that also produces PC-hydrolyzing enzymes (e.g., PLC and PLD). Although Yersinia pestis also makes a PLD and encodes a homologue of PmtA, only the monomethyl-PE intermediate has been detected (35) . P. aeruginosa produces several phospholipases that have been shown to be involved in virulence. For example, a hemolytic and a nonhemolytic PLC (23) have been shown to contribute to the pathogenesis of this opportunistic pathogen in several experimental models in animals, as well as in plants (24, 26) . In addition, we recently identified a PLD gene like that of eukaryotes (pldA) and PldA has been shown to contribute to the pathogenesis of P. aeruginosa in the rat lung model of infection (37) . Like these PLCs, PldA hydrolyzes PC; however, unlike with these secreted PLCs, PldA is localized to the periplasm (37) . One function of the secreted PLCs in virulence is to hydrolyze the lipid membranes of eukaryotic cells. The role of PldA is less obvious due its localization to the periplasm, rendering it inaccessible to the eukaryotic PC. However, Albelo and Domenech (1) reported that when choline is used as the carbon source, PC is a normal component of P. aeruginosa, suggesting that PldA may be involved in lipid maintenance. We verified that this phospholipid is indeed in the membrane of P. aeruginosa, and we identified the Pcs pathway as being involved in its synthesis.
Using 2D-TLC, we verified by several methods that P. aeruginosa produces PC (Fig. 3) . First, DAG was generated when a lipid comigrating with commercially available PC was extracted from PAO1 and digested with PlcH, a PC-specific PLC purified from P. aeruginosa PAO1 (Fig. 3) . Second, analysis of the lipids using CID generated a product with a mass of 184 kDa, characteristic of PC (Fig. 4) . In addition, we were able to identify the potential fatty acid side chains present, such as those listed in Table 2 .
The consequences of PC production by a prokaryotic organism that itself produces phospholipid-hydrolyzing activities (e.g., PLC and PLD) suggest a potential role of these lipids and their by-products in signaling processes analogous to those known to occur in eukaryotes. Furthermore, one can envision that P. aeruginosa PLC activity must be regulated while it is inside the cell so as not to act on its own PC, subjecting itself to unwarranted signaling molecules. The PLD activity may also be regulated such that the PLD is involved in membrane maintenance and not in generating detrimental signaling molecules unless needed.
To determine their respective contribution to PC production, the pmtA and pcs homologues were cloned from P. aeruginosa PAO1. In both E. coli and P. aeruginosa, transformation with a vector containing pcs was sufficient for PC production while no PC was detected when the strains were transformed with a vector containing pmtA. Together, these and other data presented in this report suggest that, under these conditions, the methylation pathway using PmtA to generate PC is not functional in P. aeruginosa PAO1. Perhaps the difference in the N-terminal region of the P. aeruginosa PmtA reflects the evolution of a different function for this protein.
The exact role of the lipid composition on P. aeruginosa is unknown, but its elucidation may have significant impacts on understanding its different lifestyles. Thus far, the only phenotypic effect that we have observed in PC-deficient strains is their reduced recovery from storage in glycerol at Ϫ70°C. This result suggests that the composition of phospholipid membrane in P. aeruginosa may be important in specific responses to stress. The fact that P. aeruginosa can be found in diverse environments (soil, plants, human lung) in symbiotic and pathogenic relationships reiterates the necessity of the broad and redundant genetic armament that P. aeruginosa possesses. It is also intriguing that this organism produces both PC and PC-hydrolyzing enzymes.
